Introduction
============

One of the major natural killer (NK) cell receptors involved in recognition and killing of tumor cells is the cytotoxic receptor, natural-killer group 2 member D (NKG2D).^[@bib1]^ NKG2D is expressed on NK cells and CD8+ T cells, some γδ T cells and possibly also some CD4^+^ T cells and is known as a sensor for damaged or dangerous cells. In humans, NKG2D is engaged by several ligands, namely major histocompatibility complex (MHC) class I polypeptide-related sequence A and B (MICA and MICB) and the UL16-binding proteins 1--6 (ULBP1--6).^[@bib2]^ Mouse ligands binding to NKG2D are the GPI-linked retinoic acid early inducible-1 (RAE-1) proteins,^[@bib3]^ the transmembrane protein murine UL16-binding protein-like transcript 1 (MULT1)^[@bib4]^ and the histocompatibility 60 (H60) family.^[@bib5]^

*In vivo* evidence for the significance of NKG2D in eradication of cancer has been observed in several mouse models of spontaneous malignancies.^[@bib6]^ More recently, transplantation experiments and the λ-*Myc* transgenic lymphoma model were used to show that NKG2D engagement is critical for immunosurveillance of lymphomas and that selection for NKG2D ligand (NKG2D-L) loss mutants provides a mechanism of tumor escape.^[@bib7]^

Tumor cells develop mechanisms to escape from innate immune surveillance and these strategies include shedding of NKD2D-Ls from target cells to inhibit NK cell activity as demonstrated in many studies for different tumor entities.^[@bib8]^

Although NKG2D-Ls are not expressed on healthy cells, they are upregulated within different disease contexts---including infection, transformation, extensive proliferation, wound repair and inflammatory diseases. The molecular pathways directing their inducible expression are still not defined and depend on transcriptional, translational and post-translational regulation.^[@bib2],\ [@bib9]^ The DNA damage response (DDR) kinases ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and RAD3 related) are involved in the NKG2D-L upregulation in response to DNA damage by tumor cells, initially demonstrated in response to radiation and chemotherapy.^[@bib10],\ [@bib11]^ Expression of ligands in response to many small molecules such as an inhibitor for HSP90^(ref.\ [@bib12])^ or IAP (inhibitor of apoptosis) inhibitors was attributed to their ability to activate the DDR.^[@bib13]^ Nevertheless, downstream signaling remains elusive. Given the existence of different NKG2D-Ls and their induced expression, a complex, heterogeneous and context-dependent regulation seems likely. Not surprisingly, a contribution of diverse transcription factors including heat shock pathway, E2F, family of Sp transcription factors, AP-1, AP-2a, p53 and nuclear factor (NF)-κB was reported.^[@bib2],\ [@bib9]^ However, their impact varied depending on the cell line or the model system used, as described for example for the p53-dependent NKG2D-L induction.^[@bib14],\ [@bib15],\ [@bib16]^ Here we show that the major acetyltransferases CBP and p300 have a robust, mandatory and general impact on the upregulation of NKG2D-Ls MICA/B and ULBP2 in humans and RAE-1 in mice.

Results
=======

HDACis induced NKG2D-L expression independently of the DDR
----------------------------------------------------------

Initially, several cell lines were screened for MICA/B induction upon diverse stimuli to induce DNA damage and with inhibitors of histone deacetylases (HDACis) to establish an experimental setting with a strong and reproducible upregulation in a noncell type-specific manner to be used for future experiments. Of note, none of the tested DNA-damaging agents induced a robust upregulation of MICA/B ([Figure 1a](#fig1){ref-type="fig"}). In contrast, the HDACis trichostatin A ([Figure 1a](#fig1){ref-type="fig"}) and LBH589 (not shown) induced a significant NKG2D-L upregulation in virtually all tested cell lines. Moreover, a panel of HDAC class-specific inhibitors with specificity for the different subsets of histone deacetylases induced the MICA/B surface expression ([Figure 1b](#fig1){ref-type="fig"}).

For most of the subsequent experiments, we used the HDACi LBH589 (panobinostat) as it upregulated NKG2D-L at lower concentration than most other HDCAis (see [Figure 2d](#fig2){ref-type="fig"}).

To test the functional significance of HDACi-induced NKG2D-L expression, we analyzed the sensitivity of HDACi-treated cells to NK cell-mediated lysis. LBH589-treated HEK-293 cells were significantly more lysed by NK cells compared with control-treated HEK-293 cells ([Figure 2a](#fig2){ref-type="fig"}). This suggests that the HDACi-induced NKG2D-L upregulation is functionally important. Next, we demonstrated that treatment of tumor cells with HDACi also upregulated NKG2D-L transcript levels. Pretreatment of cells with the transcription inhibitor actinomycin D or the translation inhibitor cycloheximide completely abrogated the LBH589-mediated induction of MICA/B on the cell surface ([Figure 2b](#fig2){ref-type="fig"}) implying that their upregulation depends on *de novo* transcription. In line, NKG2D-L mRNA upregulation was observed as early as after 1 h of HDACi treatment ([Figure 2c](#fig2){ref-type="fig"}).

Although MICA, MICB and ULBP2 were significantly upregulated, the induction of ULBP1 and -3 by HDACis was comparable to the effects of the DNA damage inducer Ara-C ([Figure 2d](#fig2){ref-type="fig"}).

HDACis were previously found to regulate NKG2D-L via the DDR.^[@bib10],\ [@bib17],\ [@bib18]^ Unexpectedly, ATM/ATR inhibitors only partially blocked the LBH589- or trichostatin A-mediated upregulation of MICA/B and ULBP2, whereas they inhibited the induction of NKG2D-L by the DNA-damaging agent Ara-C ([Figures 2d and e](#fig2){ref-type="fig"}). Accordingly, no phosphorylation of the DDR markers CHK1 (not shown) and γH2AX was observed after treatment of cells with different HDACis ([Figure 2f](#fig2){ref-type="fig"}). In summary, the data suggest that HDACis are efficient inducers of NKG2D-L expression. NKG2D-L upregulation happened on transcriptional level, was of biological relevance and seemed to be independent of the DDR.

Induction of NKG2D ligands by HDACis was dependent on the acetyltransferases CBP/p300
-------------------------------------------------------------------------------------

The viral p300-binding oncogene E1A was shown to regulate NKG2D-L expression^[@bib19]^ and we therefore analyzed the role of acetyltransferases CBP/p300 in HDACi-induced NKG2D-L expression. CBP (also known as CREB-binding protein or CREBBP) and p300 (also known as EP300 or E1A binding protein p300) are two closely related transcriptional co-activating proteins with acetytransferase activity.

To this end, the impact of acetyltransferase inhibitors was anaylzed. Anacardic acid (ANAC) is not specific for CBP/p300 and inhibits a broad spectrum of acetyltransferases; C646 is specific for CBP/p300 and KIXi inhibits the binding of CBP/p300 to the transcription factor CREB.^[@bib20]^ Intracellular staining of HEK-293 cells revealed enhanced binding of an anti-acetyl-lysine antibody upon HDACi treatment, reflecting a general increase in acetylation as expected. The general acetylation was reduced by pretreatment of cells with ANAC or with the CBP/p300 inhibitor C646 ([Figure 3a](#fig3){ref-type="fig"}). Of note, inhibition of acetylation by ANAC or C646 was sufficient to significantly impair MICA/B upregulation upon HDACi treatment in HEK-293 cells ([Figures 3b and c](#fig3){ref-type="fig"}). Notably, C646 also blocked Ara-C-induced NKG2D-L induction ([Figure 3b](#fig3){ref-type="fig"}). Inhibition of CBP/p300 abolished the up-regulation of NKG2D-L transcripts by HDACis, suggesting that the acetyltransferases CBP/p300 regulate the transcription of NKG2D-L ([Figure 3d](#fig3){ref-type="fig"}). To investigate the impact of CBP/p300-mediated acetylation on NKG2D-L upregulation on tumor cells, we treated a panel of tumor cell lines from different origins with acetyltransferase inhibitors ([Figure 4](#fig4){ref-type="fig"}). A significant diminished expression of MICA/B and ULBP2 was observed in all cell lines tested, thus confirming that CBP/p300 contributes to the upregulation of NKGD-L on tumor cells. Killing assays using L428 cells as targets revealed that the HDACi-dependent upregulation of NKG2D-Ls rendered target cells more susceptible to NKG2D-dependent killing, as expected ([Supplementary Information S1](#sup1){ref-type="supplementary-material"}.

To formally prove the role of CBP/p300 in NKG2D-L induction, we used *CBP/p300*-deficient HEK-293 cells. A CRISPR/Cas9 nuclease (dKOnuc) and a nickase (dKOnic) approach was used to generate two independent CBP/p300 double-knockout clones clones (mutation analysis, see [Supplementary Information S2](#sup1){ref-type="supplementary-material"}). CBP/p300 expression was significantly reduced at the protein and transcript levels ([Figure 5a](#fig5){ref-type="fig"}), although not completely abolished. In line, intracellular staining showed decreased general acetylation levels in *CBP/p300*-deficient cells ([Figure 5b](#fig5){ref-type="fig"}).

Loss of CBP/p300 decreased the basal cell surface expression of MICA/B and reduced the upregulation of MICA/B and ULBP2 in response to HDACis and Ara-C compared with control HEK-293 cells ([Figures 5c--f](#fig5){ref-type="fig"}) suggesting that CBP/p300 play an important role in the constitutive and inducible expression of NKG2D-L. Furthermore, CBP/p300 deficiency abrogated the increased sensitivity of LBH589-treated cells to NK cell-mediated lysis ([Figure 5g](#fig5){ref-type="fig"}).

Of note, the induction of MICA/B and ULBP2 in response to HDACis was independent of NF-κB and p53 acetylation, not influenced by NF-κB or p53 inhibitors and observed in syngeneic wild-type p53 and p53-deficient cells ([Supplementary Information S3](#sup1){ref-type="supplementary-material"}). Conclusively, these results reveal the important role of CBP/p300 in the regulation of NKG2D-L in human cancer cells.

HDACi treatment induced enhanced binding of acetylated histone H3, CBP/p300 and CREB to promoter regions of human NKG2D-L genes
-------------------------------------------------------------------------------------------------------------------------------

Next, we used a phospho-kinase profiler array to identify potential CBP/p300 targets involved in NKG2D-L upregulation ([Figure 6a](#fig6){ref-type="fig"}). Several of the analyzed kinases did not show enhanced phosphorylation after treatment with LBH589 (for instance, HSP27). Some others were induced by LBH589 but induction could not be blocked by the CBP/p300 inhibitor C646 (for example, β-catenin, Akt and extracellular signal-regulated protein kinases 1 and 2 (ERK1/2)). Most interestingly, the array revealed that CREB phosphorylation increased upon incubation with LBH589 that was abolished by C646 treatment. Accordingly, enhanced CREB binding to NKG2D-L promoter regions was found by chromatin immunoprecipitation ([Figure 5b](#fig5){ref-type="fig"}). This was in line with the observation that a CBP--CREB interaction inhibitor (KIXi) significantly blocked LBH589-induced MICA/B upregulation on the cell surface ([Figure 2c](#fig2){ref-type="fig"}). In addition, acetylation of histone H3 at the *MICA*, *MICB* and *ULBP2* promoters was significantly augmented in response to LBH589 ([Figure 6b](#fig6){ref-type="fig"}).

STAT (signal transducer and activator of transcription) signaling is one of the nonhistone targets of CBP/p300. Of note, STAT5a/b and STAT6 phosphorylation increased upon LBH589 treatment that was partially blocked when the cells were preincubated with the CBP/p300 inhibitor C646 ([Figure 5a](#fig5){ref-type="fig"}). Although it was not possible to confirm STAT activation by conventional western blot or intracellular flow cytometric analysis in our setting (not shown), it is tempting to speculate that CBP/p300 act at least in part via STAT signaling to induce NKG2D-L expression.

To address the role of CBP/p300 in NKG2D-L expression in cancer cells *in vivo*, we bred mice that specifically lacked *CREBBP(CBP) and EP300(p300)* in CD19^+^ B cells^[@bib21]^ with the Eμ-*Myc* lymphoma strain.^[@bib22],\ [@bib23]^ B-cell lymphomas in Eμ*-Myc* mice express NKG2D-L and NKG2D-deficient Eμ-*Myc* mice show an accelerated development of B-cell lymphomas, implicating a role for NKG2D in tumor surveillance.^[@bib6]^ Genotyping of the littermates showed that either *CBP* or *p300* was deleted, but never both genes ([Figure 7a](#fig7){ref-type="fig"}), indicating that the activity of at least one of the acetyltransferases is indispensable for B-cell development and/or survival. As soon as first signs of tumors were detectable (male and female, age of mice was between 86 and 159 days) tumor cells were isolated from lymph nodes, spleen and peripheral blood to analyze NKG2D-L expression. Strikingly, surface expression of RAE-1 was significantly reduced in *CBP/p300*-deficient Eμ-*Myc* tumor cells (Bnull) compared with their *CBP/p300*-proficient counterparts (ctrl) ([Figure 7b](#fig7){ref-type="fig"}). The diminished RAE-1 surface expression correlated with reduced *RAE-1* transcript levels ([Figure 7c](#fig7){ref-type="fig"}). Interestingly, the expression of MULT1 remained unaffected, indicating that MULT1 and RAE-1 are regulated independently, and this might reflect different biological functions of these ligands.^[@bib24]^ Finally, these data are consistent with *in vitro* data showing that CBP/p300 inhibition blocked RAE-1 induction on mouse MCA-205 cells, whereas MULT1 expression remained stable ([Figure 7d](#fig7){ref-type="fig"}). In summary, we identified CBP/p300 as a major regulator of mouse NKG2D-L RAE-1 *in vitro* and *in vivo*.

No differences in lymphoma onset, tumor load or survival were observed between control Eμ-*Myc* mice and Eμ-*Myc* mice with CBP/p300-deficient B cells (data not shown). It is possible that MULT1 expression counterbalances the RAE-1 deficiency in the model used. However, differences between the two groups might be masked by the heterogeneity of tumor onset observed in this model (onset of tumor was between 3 and 5 months).

Discussion
==========

NKG2D is one of the best-characterized activating NK cell receptors that promotes NK cell-mediated lysis of tumor cells and plays a major role in tumor surveillance. The identification of key molecules that regulate the inducible expression of ligands for NKG2D on target cells is pivotal to fully decipher NK cell-mediated defense and crucial to develop immunotherapeutic approaches that aim to sensitize tumor cells for the NKG2D-dependent tumor clearance. Here, we provide evidence for a critical role of CBP/p300 in the transcriptional regulation of ligands engaging NKG2D. Our conclusion is based on the findings that HDACi treatment resulted in a robust and strong upregulation of NKG2D-L even compared with the treatment with DNA-damaging agents in various human and murine cell lines (1), and this upregulation was blocked upon chemical inhibition or genetic ablation of acetyltransferases CBP/p300 *in vitro* and *in vivo* (2), causing a reduced NK cell-mediated killing (3). Finally, we observed elevated histone acetylation and enhanced CBP/p300 and CREB binding at NKG2D-L promoter regions. These data suggest that CBP/p300 mediate transcriptional activation of NKG2D ligands by induction of a more open chromatin state at NKG2D-L genes, by mediating CREB binding to NKG2D promoters and possibly via acetylating unknown transcription factors thereby enhancing their activity. The critical role of CBP/p300 was shown for human NKG2D-Ls MICA/B and ULBP2 and for the mouse ligand RAE-1.

These data suggest that MICA and MICB, together with ULBP2 and RAE-1, are regulated in another way than ULBP1, ULBP3 and MULT1. All of them with the exception of MULT1 could be induced by HDACis, but to dissimilar amplitudes. A distinct regulation pathway of MULT1 might reflect its special function among NKG2D-L. Although it is common sense that secreted ligands for NK cell receptors generally impair NK cell function, the shed soluble form of MULT1 actually enhanced NK cell activity and caused tumor rejection.^[@bib24]^ This is conclusive with our own data indicating an activating role of secreted BAG6, a ligand for the activating receptor NKp30, as long as it is bound to exosomes.^[@bib25],\ [@bib26],\ [@bib27],\ [@bib28]^. This provides clear evidence to revisit the paradigm that secreted ligands for NK cell receptors are always inhibitory and counteract immunosurveillance.

To date, HDACi-mediated NKG2D-L induction was mainly described to depend on activation of the DDR and ATM/ATR.^[@bib29]^ However, inhibiting ATM/ATR using CGK733 or ATM using KU55933 failed to block HDACi-induced NKG2D-Ls ([Figures 2d--f](#fig2){ref-type="fig"}), suggesting that HDACi-mediated NKG2D-L upregulation was independent of the DDR.

One putative downstream target of CBP/p300 that might be involved in NKG2D-L upregulation was NF-κB. NF-κB had already been proposed to play a role in NKG2D-L induction in T cells^[@bib30],\ [@bib31]^ and endothelial cells.^[@bib32]^ Furthermore, several groups claimed that HDACis activate NF-κB.^[@bib33],\ [@bib34],\ [@bib35]^ In line with others,^[@bib36]^ this study clearly argues against a general role of NF-κB in the regulation of NKG2D-L as it was not possible to detect HDACi-mediated NF-κB activation ([Supplementary Information S3](#sup1){ref-type="supplementary-material"}). Recent findings suggest a role for p53 in the regulation of the NKG2D-L ULBP2.^[@bib14],\ [@bib37],\ [@bib16]^ Similar to NF-κB, a role for p53 in HDACi-dependent regulation could not be confirmed in this study ([Supplementary Information S3](#sup1){ref-type="supplementary-material"}). This is in line with the results of others who also claim that p53 is not involved in NKG2D-L upregulation.^[@bib10],\ [@bib38]^ Interestingly, a role for p53 seems actually restricted to selected cell lines,^[@bib16]^ indicating that the impact of p53 on NKG2D-L expression depends on cell specific conditions or the environment. Specific transcription factors that upregulate ligands for NKG2D recruited by the acetyltransferases CBP/p300 remain to be identified.

A role for CBP/p300 as tumor suppressor genes has been already suggested.^[@bib39]^ Moreover, somatic mutations were reported for both or either of these genes in epithelial cancers,^[@bib40]^ B-cell non-Hodgkin\'s lymphoma,^[@bib41]^ endometrial tumors^[@bib42]^ and acute lymphocytic lymphoma.^[@bib43]^ Although we clearly showed that RAE-1 expression was impaired in *CBP/p300*-deficient Eμ-*Myc* cells, we did not observe any impact on tumor onset or course. The Eμ-*Myc* transgenic mice express the *myc* oncogene constitutively under the control of the IgH enhancer and develop spontaneous tumors of the B-cell lineage within the first 5 month of life.^[@bib22],\ [@bib23]^ As it was shown that NKG2D-mediated surveillance is operative for these lymphomas,^[@bib6]^ we speculate that MULT1 expression might compensate the RAE-1 deficiency in the model used. However, we cannot exclude that differences are masked by the enormous heterogeneity of tumor onset and progression observed in this model.

HDACs are an established and validated target for the treatment of cancer and some HDACis have already been approved by the US-FDA (US Food and Drug Administration).^[@bib44]^ Parts of the clinical benefit of HDAC inhibition were already attributed to their impact on the immune cells. However, HDAC inhibition features immune activating as well as immune inhibiting effects.^[@bib45]^ Dual therapy with HDACis together with immunotherapy have shown promising results in preclinical studies.^[@bib46]^

Here, we provide evidence for a major role of CBP/p300 in the regulation of ligands for the activating NK cell receptor NKG2D. HDACi-mediated CBP/p300-dependent NKG2D-L induction was able to enhance *in vitro* killing by NK cells, emphasizing the biological significance of these results. Transcriptional activation of NKG2D-L happened via interplay of enhanced histone acetylation resulting in a more accessible chromatin state, together with enhanced binding of CBP/p300 as well as CREB to the promoter regions of NKG2D-L genes. These findings shed more light onto the complex regulation of ligands for activating NK cell receptors that are important mediators of immune defense against cancer. Further research in this field will not only help to understand the basic biology of NK cell-mediated tumor surveillance but will also pave the way toward exploiting this mechanism to facilitate the patient\'s immune system to combat cancer.

Materials and methods
=====================

Cell lines
----------

Cell lines (see list in [Supplementary Information S5](#sup1){ref-type="supplementary-material"}) were maintained in RPMI-1640 GlutaMAX (Invitrogen, Darmstadt, Germany) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin solution at 37 °C and 5% CO~2~. Regular mycoplasma testing was performed by PCR and only mycoplasma-negative cells were used in experiments. It was avoided that cells overgrew before splitting because this might influence NKG2D-L expression.

Before treatment, adherent cells were seeded to reach 70% confluence on the day of harvesting. For suspension cells, 5 × 10^5^ cells per ml were used. Untreated controls were incubated with equivalent volume of the vehicle dimethyl sulfoxide.

Inhibitors/cytostatic agents
----------------------------

Reagents were purchased from SCBT (Heidelberg, Germany) if not stated otherwise. The reagents and the concentrations used were actinomycin D (2 μ[M]{.smallcaps}), cycloheximide (10 μ[M]{.smallcaps}), the histone acetyltransferase inhibitor (ANAC (50 μ[M]{.smallcaps} for 16 h of incubations or 75 μ[M]{.smallcaps} for shorter incubations) and the HDACis CAY-10683 (5 μ[M]{.smallcaps}), MS-275 (5 μ[M]{.smallcaps}), Panobinostat (LBH589) (100 n[M]{.smallcaps} for human cells or 5 n[M]{.smallcaps} for mouse cells), scriptaid (5 μ[M]{.smallcaps}), SIRT1 inhibitor IV (50 μ[M]{.smallcaps}), SIRT2 inhibitor (50 μ[M]{.smallcaps}) and trichostatin A (250 n[M]{.smallcaps}). DNA damage was induced with Ara-C (cytarabine) (10 μ[M]{.smallcaps} for human cells or 500 n[M]{.smallcaps} for mouse cells). The CBP/p300 inhibitor C646 (8 μ[M]{.smallcaps} for 16 h of incubations or 10 μ[M]{.smallcaps} for shorter incubations in serum-free medium), the CBP--CREB interaction inhibitor ('KIXi\') (10 μ[M]{.smallcaps}) (Calbiochem, Merck Millipore, Darmstadt, Germany) and the ATM/ATR inhibitor GK733 ATM/ATRi (5 μ[M]{.smallcaps}) were used. All agents were dissolved in dimethyl sulfoxide.

Flow cytometry
--------------

Fluorescence-activated cell sorting (FACS) was performed on a FACSCalibur (Becton Dickinson, Heidelberg, Germany) or Gallios (Beckman Coulter, Krefeld, Germany). 7-Aminoactinomycin D (7-AAD; BioLegend, Koblenz, Germany) was added before measurement and only negative cells were included in analysis. The following specific antibodies were used: ac-Lysine (9441, CST, Leiden, Netherlands); MICA (AMO1, BamOmaB); MICA/B (6D4, BioLegend); MICB (BMO2, BamOmaB, Gräfelfing, Germany); MULT-1 (237104, R&D); p-γH2AX (S139, 9718, CST); Rae-1 (R&D, Wiesbaden-Nordenstadt, Germany); ULBP1 (AUMO2, BamOmaB); ULBP2 (BUMO1, BamOmaB); ULBP2 (BAF1298, R&D); ULBP3 (CUMO3 BamOmaB) and isotype controls purchased from BioLegend.

Western blot
------------

Whole-cell lysates were prepared with cell lysis buffer from CST (9803). Anti-GAPDH (horseradish peroxidase conjugated, 8884, CST) and A-22 (SCBT) were used to detect glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and CBP/p300, respectively. Proteins were detected with ECL (Thermo Scientific, Darmstadt, Germany).

Quantitative reverse transcription--PCR and genotyping PCR
----------------------------------------------------------

RNA was extracted from cell lines using the M&N NuceloSpin (Machery-Nagel, Düren, Germany) RNA kit and 1 μg RNA was used for complementary DNA synthesis (RevertAid First Strand cDNA kit from Thermo Scientific). Real-time PCR was performed using Sigma (Hamburg, Germany) SYBR Green JumpStart in the Life Technologies (Thermo Scientific) 7500 real-time PCR system. Initial heat inactivation was performed for 15 min at 95 °C. Then, 40 cycles of 15 s at 94 °C, 30 s at 56 °C and 30 s at 72 °C were followed by melting curve analysis. See list of primers in [Supplementary Information S4A](#sup1){ref-type="supplementary-material"}.

Mice were genotyped by semiquantitative PCR using CBP-specific primers (5′-CTCTACATCCTAAGTGCTAGG-3′ and 5′-CAGTAGATGCTAGAGAAAGCC-3′, producing a 380-bp wild-type band, a 530-bp p300 flox band and a 950-kb p300 Δflox band) and using p300-specific primers (5′-GGGGAAATTTTGGCTGGCAAG-3′ and 5′-CTGCTCTACCTAAATTCCCAG-3′, producing 1250, 1100 and 970 bp fragments for the wild-type, floxed and Δflox alleles, respectively).

PCR was run in a C1000 Touch Thermal Cycler (Bio-Rad, München, Germany) with 5 min at 94 °C, 36 × (10 s at 94 °C, 1 min at 55 °C and 2 min at 68 °C) and 10 min at 72 °C.

CRISPR/Cas9-mediated knockout
-----------------------------

Knockout of CBP and p300 was performed using the Zhang Lab\'s reagents and protocols (Massachusetts Institute of Technology, Cambridge, MA, USA), for details see [Supplementary Information S2](#sup1){ref-type="supplementary-material"}.

NK cell killing assay
---------------------

Peripheral blood mononuclear cells were isolated from buffy coats of healthy blood donors that were provided by the blood bank of the University Hospital Cologne (approval by the ethics committee: 08-275). Primary NK cells were isolated using the human NK cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). HEK-293 target cells were stained with Life Technologies cell membrane dye DiR (800 ng/ml for 20 min at 37 °C in serum-free medium followed by two washing steps with serum-containing medium) before coincubation with NK effector cells in different ratios. Dead target cells were then identified by 7-AAD staining (BioLegend) and relative cytotoxicity was calculated by 100 × \[(% dead target cells in sample−% spontaneous dead target cells)/(100−% spontaneous dead target cells)\].

Phospho-kinase profiler array
-----------------------------

The human phospho-kinase profiler array (R&D Systems) was performed according to the manufacturer\'s protocol. Read-out was conducted using a digital cheminoluminescence imager. Data were analyzed using ImageJ (from Wayne Rasband, National Institute of Health (NIH), USA).

Chromatin immunoprecipitation
-----------------------------

Primers (see [Supplementary Information S4B](#sup1){ref-type="supplementary-material"}) were designed to amplify promoter regions after prior *in silico* analysis for probable transcription factor binding sites (<http://www.cbrc.jp/cbrc-software>). Chromatin immunoprecipitation was conducted using the SimpleChIP Enzymatic Chromatin IP Kit from CST (9003) according to the manufacturer\'s protocol. Real-time PCR (primers see [Supplementary Information S4B](#sup1){ref-type="supplementary-material"}) was executed with purified DNA in the Life Technologies 7500 Real-time PCR system. Initial heat inactivation was performed for 15 min at 95 °C. Then, 40 cycles of 15 s at 94 °C, 30 s at 56 °C and 30 s at 72 °C were followed by melting curve analysis.

Animals
-------

Eμ*-Myc* transgenic mice^[@bib22],\ [@bib23]^ were crossed with CBPfl/fl p300fl/fl CD19Cre^tg/wt^ (both C57BL/6)^[@bib21]^ to obtain the genotype CBPfl/fl;p300fl/fl;CD19Cre^tg/wt^;EμMyc^tg/wt^. We have the permission for breeding (Zuchtrahmenantrag: 84-02.04.2014.A146; Anzeigen: 84-02.05.201 З.071 and 84-02.05.201 З.070) and the animal experiments were approved by the Landesamt für Umwelt und Verbraucherschutz Nordrhein-Westfalen (Aktenzeichen 84-02.04.2012.A.216). For animal studies randomization or blinding was not applicable (no treatment groups).

Statistics
----------

GraphPad Prism 6 was used for depicting bar charts of means with s.e.m. and for statistics (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). Student\'s *t*-test was used for statistical analyses of normally distributed measurements and Wilcoxon signed-rank test was used if values were not normally distributed. The variance between the groups that were statistically compared was similar.
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![HDACis were potent inducers of the NKG2D-Ls MICA/B in humans. (**a**) Indicated cell lines were incubated with a panel of diverse DNA-damaging agents (gemcitabine (Gem), 2 μ[M]{.smallcaps}; cytarabine (Ara-C), 10 μ[M]{.smallcaps}; aphidicolin (Aph), 20 μ[M]{.smallcaps}; bleomycin (Bleo), 30 μg/ml; and cisplatin (Cis), 10 μg/ml) and the HDACi TSA (trichostatin A, 250 n[M]{.smallcaps}) for 16 h. Flow cytometry (dead cells were excluded for analysis) was performed for surface expression of MICA/B. (**b**) MDA-231 cells were treated with a panel of different HDACis (TSA, 250 n[M]{.smallcaps}; CAY-10683, 5 μ[M]{.smallcaps}; MS-275, 5 μ[M]{.smallcaps}; scriptaid (SCR), 5 μ[M]{.smallcaps}; SIRT1 inhibitor, 50 μ[M]{.smallcaps}; and SIRT2 inhibitor, 50 μ[M]{.smallcaps}) for 16 h and analyzed by FACS. Mean±s.d. of two or more independent experiments is indicated.](onc2016259f1){#fig1}

![HDACi-induced NKG2D ligand regulation did not involve the DDR. (**a**) HEK-293 cells were treated with 100 n[M]{.smallcaps} LBH589 for 16 h, washed and incubated with primary human NK cells of healthy donors in indicated ratios for 3 h. Mean and s.e. of four independent experiments. (**b**) FACS analysis of HEK-293 cells after 1 h of preincubation with 2 μ[M]{.smallcaps} actinomycin D or 10 μ[M]{.smallcaps} cycloheximide, and treatment with LBH589 (100 n[M]{.smallcaps}) for 6 h. (**c**) Real-time PCR for HEK-293 cells treated with 10 μ[M]{.smallcaps} Ara-C or 100 n[M]{.smallcaps} LBH589 for the indicated periods relative to GAPDH. (**d**) HEK-293 cells were treated with the ATM/ATR inhibitor CGK733 (5 μ[M]{.smallcaps}) together with the damage inducer Ara-C (10 μ[M]{.smallcaps}) or the HDACis LBH589 (100 n[M]{.smallcaps}) and trichostatin A (TSA; 250 n[M]{.smallcaps}) for 16 h to analyze the surface expression of MICA/B, ULBP1, ULBP2 and ULBP3. (**e**) MDA-231 and 911 cells were incubated with ATM/ATR inhibitor CGK733 (5 μ[M]{.smallcaps}) or ATM inhibitor KU55933 (10 μ[M]{.smallcaps}) and TSA (250 n[M]{.smallcaps}) for 16 h and subsequently studied for MICA/B expression by FACS. (**f**) Intracellular FACS staining of HEK-293 cells for DNA damage marker phospho-γH2AX (S139 phosphorylated) after incubation with 10 μ[M]{.smallcaps} Ara-C or 100 n[M]{.smallcaps} LBH589 for 1 h.](onc2016259f2){#fig2}

![Induction of NKG2D-Ls by HDACis was dependent on the acetyltransferases CBP/p300. (**a**) Intracellular FACS analysis of HEK-293 cells stained for acetylated lysine residues. Cells were preincubated with or without 75 μ[M]{.smallcaps} of the histone acetyltransferase inhibitor (HATi) anacardic acid (ANAC) or 10 μ[M]{.smallcaps} of the p300 (and CBP) inhibitor C646 for 3 h and subsequently treated with 100 n[M]{.smallcaps} LBH589 for 1 h. (**b**) Flow cytometric analysis of HEK-293 cells treated with or without 8 μ[M]{.smallcaps} C646 and 10 μ[M]{.smallcaps} Ara-C or 250 n[M]{.smallcaps} trichostatin A (TSA) for 16 h. (**c**) HEK-293 cells were incubated with 50 μ[M]{.smallcaps} ANAC, 8 μ[M]{.smallcaps} C646 or 10 μ[M]{.smallcaps} CBP-CREB interaction inhibitor (KIXi) and treated with 100 n[M]{.smallcaps} LBH589 (LBH). (**d**) Real-time PCR of HEK-293 cells preincubated with or without 10 μ[M]{.smallcaps} C646 for 3 h and treated with 100 n[M]{.smallcaps} LBH589 for 1 h. MICA, MICB and ULBP2 mRNA expression levels were analyzed relative to GAPDH.](onc2016259f3){#fig3}

![CBP/p300-dependent NKG2D-L induction by HDACi was observed in a panel of tumor cell lines from different origins. Indicated cell lines originating from (**a**) hematological tumors and (**b**) solid tumors were incubated with 50 μ[M]{.smallcaps} ANAC, 8 μ[M]{.smallcaps} C646, or 10 μ[M]{.smallcaps} CBP-CREB interaction inhibitor (KIXi) and treated with 100 n[M]{.smallcaps} LBH589 for 16 h followed by flow cytometric analysis using the indicated NKG2DL-specific antibodies. Mean and standard error of three independent experiments.](onc2016259f4){#fig4}

![CBP/p300-deficient cells revealed a diminished NKG2D-L upregulation in response to HDACi and DNA damage. (**a--g**) HEK-293 CBP/p300 double-knockout (dKO) cells were generated using the CRISPR/Cas9 nuclease (dKOnuc) or CRISPR/Cas9 nickase (dKOnic) approach. (**a**, left panel) Western blot of CBP/p300 dKO or WT HEK-293 cells using an anti-CBP antibody (C-terminal, clone A22) detecting both CBP and p300. GAPDH was used as loading control. (**a**, right panel) Real-time PCR for CBP and p300 mRNA expression levels relative to GAPDH. (**b**) Basal expression levels of MICA/B measured by flow cytometry. (**c**) Cells were treated with 100 n[M]{.smallcaps} LBH589 for indicated time periods and MICA/B expression was analyzed by FACS. (**d**, **e**) Flow cytometric analysis of MICA/B (left panel) and ULBP2 (right panel) of CBP/p300 dKO or WT HEK-293 treated with 100 n[M]{.smallcaps} LBH589 or 10 μ[M]{.smallcaps} Ara-C for 16 h. (**f**) Intracellular FACS for acetylated lysine after 1 h of treatment with 100 n[M]{.smallcaps} LBH589. (**g**) FACS-based NK cell killing assay. CBP/p300 dKO or WT HEK-293 cells were treated with 100 n[M]{.smallcaps} LBH589 for 16 h, washed and incubated with primary human NK cells in indicated ratios for 3 h. (**g**, left panel) One representative experiment and (**g**, right panel) mean and s.e. of four independent experiments (ratio 5:1).](onc2016259f5){#fig5}

![HDAC inhibition induced enhanced binding of acetylated histone H3, CBP/p300 and CREB to NKG2D-ligand promoters. (**a**) Phospho-kinase profiler array of HEK-293 cells pretreated with or without 10 μ[M]{.smallcaps} C646 for 3 h and incubated with 100 n[M]{.smallcaps} LBH589 for one additional hour, followed by lysis of the cells. Detection of phosphorylated kinases was performed with a digital ECL imager. (**b**) Chromatin immunoprecipitation (ChIP) of HEK-293 cells treated with 100 n[M]{.smallcaps} LBH589 for 3 h. Pull down was performed with antibodies against acetylated histone H3, CBP (also binding to p300) and CREB. Precipitated promoter sequences were detected by real-time PCR and calculation was implemented using the % input method. Values were normalized to RPL30.](onc2016259f6){#fig6}

![CBP/p300 were crucial for the expression of RAE-1 *in vivo*. (**a**) Eμ-*Myc* CBP/P300 littermates show deletion of either CBP or p300. Genomic DNA extracted from tumor cells of terminally ill Eμ-*Myc CBP/P300* double mutants (Bnull) was subjected to PCR using specific primers to detect recombined (Δflox) or non-recombined (flox) genes. Representative examples are shown. (**b**) Flow cytometric analysis of tumor cells from lymph nodes to detect MULT1 and RAE-1 (right panel) and of tumor cells from lymph nodes (tumor), spleen or peripheral blood (PB) (left panel) isolated from Eμ-*Myc mice (ctrl)* or Eμ-*Myc* with *CBP/p300*-deficient B cells (Bnull). (**c**) Real-time PCR to detect RAE-1 transcripts expressed in tumor cells from Eμ-*Myc mice (ctrl)* or Eμ-*Myc* with *CBP/p300*-deficient B cells (Bnull). RAE-1 mRNA expression was analyzed relative to HPRT. (**d**) Flow cytometric analysis of MCA-205 cells that were preincubated with 8 μ[M]{.smallcaps} C646 and treated with 5 n[M]{.smallcaps} LBH589 for 16 h followed by detection of MULT1 and RAE-1 surface expression using flow cytometry.](onc2016259f7){#fig7}
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